There is growing evidence that exercise induced experience dependent plasticity may foster structural and functional recovery following brain injury. We examined the efficacy of exercise training for neural and cognitive recovery in long-term pediatric brain tumor survivors treated with radiation.
There is growing evidence that exercise induced experience dependent plasticity may foster structural and functional recovery following brain injury. We examined the efficacy of exercise training for neural and cognitive recovery in long-term pediatric brain tumor survivors treated with radiation.
We conducted a controlled clinical trial with crossover of exercise training (vs. no training) in a volunteer sample of 28 children treated with cranial radiation for brain tumors (mean age = 11.5 yrs.; mean time since diagnosis = 5.7 yrs). The endpoints were anatomical T1 MRI data and multiple behavioral outcomes presenting a broader analysis of structural MRI data across the entire brain. This included an analysis of changes in cortical thickness and brain volume using automated, user unbiased approaches. A series of general linear mixed effects models evaluating the effects of exercise training on cortical thickness were performed in a voxel and vertex-wise manner, as well as for specific regions of interest. In exploratory analyses, we evaluated the relationship between changes in cortical thickness after exercise with multiple behavioral outcomes, as well as the relation of these measures at baseline.
Exercise was associated with increases in cortical thickness within the right pre and postcentral gyri. Other notable areas of increased thickness related to training were present in the left pre and postcentral gyri, left temporal pole, left superior temporal gyrus, and left parahippocampal gyrus. Further, we observed that compared to a separate cohort of healthy children, participants displayed multiple areas with a significantly thinner cortex prior to training and fewer differences following training, indicating amelioration of anatomical deficits. Partial least squares analysis (PLS) revealed specific patterns of relations between cortical thickness and various behavioral outcomes both after training and at baseline.
Overall, our results indicate that exercise training in pediatric brain tumor patients treated with radiation has a beneficial impact on brain structure. We argue that exercise training should be incorporated into the development of neuro-rehabilitative treatments for long-term pediatric brain tumor survivors and other populations with acquired brain injury. (ClinicalTrials.gov, NCT01944761)
Introduction
Children and adolescents cured of their brain tumors are often left with significant brain injury and cognitive deficits due to the impact of the tumor, surgery, or other treatments such as radiation and/or chemotherapy (Lassaletta et al., 2015; Moxon-Emre et al., 2014) . This injury presents as disturbances in brain anatomy, circuitry, and function and leads to cognitive and behavioral deficits (Khong et al., 2006; Law et al., 2011; Mabbott et al., 2006a Mabbott et al., , 2006b Reddick, 2005) . Pathophysiological mechanisms of injury include inflammation, disruption of the blood-brain barrier, early apoptosis, death of neural precursor cells (NPCs), and perturbation of growth in new neurons and glial cells (Gibson and Monje, 2012; Monje et al., 2002 Monje et al., , 2007 . The effects of these pathophysiological changes have been well documented in both human and animal neuroimaging studies Gazdzinski et al., 2012; Nieman et al., 2015) . In particular, decreased hippocampal volume (Riggs et al., 2014) and compromised normal appearing white matter (NAWM) have frequently been reported in pediatric brain tumor patients treated with cranial radiation (Law et al., 2015; Nagesh et al., 2008) . NAWM refers to tissue which appears normal on conventional anatomical MR images. However, this normal appearance does not mean that the white matter will look normal on other types of imaging that are more sensitive to tissue microstructure such as diffusion or magnetization transfer. These neuroimaging findings predict cognitive impairment, which presents itself most dramatically as a decline in measures of intelligence (Lassaletta et al., 2015; Liu et al., 2015; Mabbott et al., 2006b) . In children treated with cranial radiation, a decrease of up to 2-3 Intelligence Quotient points per year is observed in some patients (Moxon-Emre et al., 2014; Palmer et al., 2001; Spiegler, 2004) . These findings demonstrate a pressing need for interventions to ameliorate the negative side effects of curative treatment on brain tumor survivors.
Multiple studies have shown that physical exercise (further referred to simply as exercise) is beneficial for the brain in both healthy individuals and those with psychiatric or neuro-degenerative disorders (Ang and Gomez-Pinilla, 2007) . Few studies have examined the impact of exercise on brain structure in individuals with an acquired brain injury (McDonnell et al., 2011) , particularly the significant injury sustained as part of the curative treatment for a brain tumor (Riggs et al., 2017) .
We conducted a clinical trial evaluating the effectiveness of a 12week structured exercise intervention program for neural and cognitive recovery in long-term pediatric brain tumor survivors. Primary neuroimaging outcomes, which were changes in hippocampal volume and white matter (WM) integrity, and secondary cognitive outcomes, as well as participants' demographics, recruitment, adherence, retention and fitness data have been described in detail in Riggs et al. (2017) . Efficacy of this intervention in improving patients' physical functioning and cardiopulmonary fitness has also been described in Piscione et al. (2017) .
Considering the primary brain areas affected by treatment for brain tumors and the vast animal literature demonstrating the benefits of exercise on neurogenesis and gliogenesis (Voss et al., 2013b) , we first examined the effects of exercise training on the hippocampus and WM (Riggs et al., 2017) . Notably, the hippocampus and WM are the two main brain areas in which NPCs reside in the human brain (Ming and Song, 2011) . We showed that exercise training increased hippocampal volume and altered diffusion tensor imaging (DTI) metrics related to WM microstructure in a way suggestive of improved organization (Riggs et al., 2017) .
Our initial focus on the hippocampus and WM was well justified by the extensive literature on the effects of exercise on increasing neurogenesis (Akers et al., 2014; Ma et al., 2017; van Praag, 2008) . Animal studies have shown both increased proliferation and survival of newborn neurons in the granular cell layer of the dentate gyrus (Bednarczyk et al., 2009; Holmes et al., 2004; van Praag et al., 1999) and increased differentiation of oligodendrocyte precursors throughout the brain (Simon et al., 2011) and spinal cord (Krityakiarana et al., 2010) . In humans, these may only be observed indirectly based on different types of MR images (Thomas et al., 2012) . For example, increases in volume of the hippocampus estimated by manual or automatic segmentation of T1-weighted anatomical images (Riggs et al., 2017; Thomas et al., 2016) , increases in cerebral blood volume (Pereira et al., 2007) as well as changes in estimates derived from diffusion weighted images (Thomas et al., 2016) . We acknowledge that the changes observed in imaging studies likely reflect multiple processes and not just changes in neurogenesis (Thomas et al., 2016) .
Compelling evidence that exercise may alter non-neurogenic brain regions such as the cerebral cortex dates back to the 1960s (Diamond et al., 1964 (Diamond et al., , 1966 Krech et al., 1960) . These, as well as more recent studies (Anderson et al., 2002; Cahill et al., 2015; Colcombe et al., 2006) , prompted us to further investigate our data using an automated, whole brain analytic approach to explore the neural impact of exercise training more broadly. In particular, here we investigate changes in cortical thickness using surface-based analyses and whole brain volumetric changes using deformation-based morphometry (DBM). Based on results of prior studies evaluating the effects of physical activity on brain structure and function (Riggs et al., 2017; Williams et al., 2016) , we a priori hypothesized that we would observe increases in cortical thickness in the left and right primary motor cortices (precentral gyrus), primary somatosensory cortices (postcentral gyrus) as well as the parahippocampal gyrus after completion of the exercise program.
Additionally, we used exploratory analyses to test whether alterations in neuroanatomy would correlate with changes in cognition or behavior following exercise training and at baseline. Being exploratory, we used several analytic approaches, and thus note that these analyses must be interpreted with caution. We examined the relation between neuroanatomy and the impact of exercise on cognition (attention, processing speed and short-term memory), emotional functioning, fitness and physical functioning, as well as on anthropometric measures including height, weight and body mass index (BMI). These particular measures were used as they were previously shown to be negatively impacted in children with brain tumors (Lassaletta et al., 2015) .
Methods

Study participants
Details of study participant identification, recruitment, informed consent, group allocation and medical history have been described in Riggs et al. (2017) . Briefly, 28 long-term pediatric (6-17 years of age) brain tumor survivors (primarily medulloblastoma and ependymoma), without severe neurological and/or motor impairment, were recruited at the Hospital for Sick Children (Toronto, Ontario, Canada) and McMaster Children's Hospital (Hamilton, Ontario, Canada) to participate in a structured physical exercise program. Long-term survival was categorized as a minimum of one year (but not > 10 years) since being diagnosed with a brain tumor. All participants were treated with either cranial or craniospinal radiation, with or without chemotherapy. All participants must have declared English as their native language or received at least two years of schooling in English at the time of their initial evaluation. Details about study participants are provided in Table 1 .
The institutional review boards at each site approved the study protocol. Either written informed consent or assent with parental consent, where applicable, was obtained.
Study design
A controlled clinical trial with a crossover design ( Fig. 1 ) was employed (ClinicalTrials.gov, NCT01944761). Participants were quasirandomly assigned (based on the order they were recruited) to start 12weeks of either: (a) No Training, or (b) Exercise Training. Full crossover then occurred whereby participants completed a second 12-week period in the opposite condition. Exercise Training occurred in either a Group (n = 16) or Combined (group/home) (n = 12) setting. In the Group setting children participated in 90 min of group based aerobic activities three times per week. In the Combined setting, Exercise
Training consisted of two 90 min group based aerobic activities and two 30 min at home sessions per week. The structured group exercise sessions consisted of: warm-up (10 min), aerobic training/fitness games (35 min), organized sports (35 min), cool-down (10 min) and snack/ rewards (30 min). These group sessions were led and supervised by a physiotherapist and/or kinesiologist. Each home based exercise session was done separately from the Group session and was supervised by a parent and occurred either after school or on the weekendusing Abbreviations: CSF, cerebrospinal fluid; y, year(s). a Neurological exam conducted within a mean of 3.5 months (SD = 3.5 mo) prior to baseline. b Intellectual Exam using Wechsler Scales conducted within a mean of 17 months (SD = 10.9 mo) prior to baseline. Data were unavailable for 3 participants. c Patients were classified as having mutism if they had diminished speech output, linguistic difficulties, or dysarthria following surgery. Mutism is a transient dysfunction and had resolved in all participants by the time of baseline assessment. d On the 6MWT, higher scores indicated higher functioning. Each participant was asked to walk as far as possible down a 25 m hallway, without running, for 6 min, and distance was recorded in meters. Linear mixed modeling revealed a significant training effect for the 6MWT, p < 0.01.
K.U. Szulc- Lerch et al. NeuroImage: Clinical 18 (2018) 972-985 individualized activities provided weekly by the program staff. All sessions included aerobic activities designed to increase participants' heart rate, which was measured using heart rate monitors. The goal of the Exercise Training was to increase and maintain each child's heart rate for at least 30 min per session at a minimum of 80% of the achieved peak heart rate during baseline fitness testing. During the No Training condition, participants were instructed to continue their normal routine of physical activity. For more details on the trial design and training program refer to Riggs et al. (2017) . Participants in both groups were evaluated using measures of brain imaging, cognition, and fitness at three separate time-points. Participants in the Exercise Training first group were evaluated immediately prior to training (Pre-training), at the end of training (Posttraining) and at 3 months after cessation of the exercise program (Follow-up). Participants in the No Training first group were assessed 12-weeks before the start of training (Baseline), immediately prior to training (Pre-training), and at the end of training (Post-training).
Image acquisition
MR data were collected at The Hospital for Sick Children using either a GE Signa HDxt 1.5 T MRI scanner with an 8-channel head coil (GE Healthcare, Milwaukee, Wisconsin) or Siemens Tim Trio 3 T MRI scanner with a 12-channel head coil (Siemens Canada Ltd., Mississauga, Ontario). Our preference was to scan all participants using the 3 T scanner as it results in images with higher signal to noise ratio (SNR). Unfortunately, we were unable scan 8 participants at 3 T due to safety reasons, including: (a) the presence of external ventricular drains or shunts in 4 cases that were deemed 3 T incompatible as these devices produce greater artefact (e.g. susceptibility) at higher field strengths, and (b) the inability to confirm with certainty that surgical clips used in 4 cases were non-ferrous as surgical reports did not contain product identifiers.
Imaging parameters for 3D-T1 FSPGR, anatomical images, acquired at 1.5 T were: inversion time = 400 ms, TE/TR = 4.2/10.1 ms, flip angle = 90°, 116-124 contiguous axial slices, 256 × 192 matrix (interpolated to 256 × 256), FOV = 25.6 × 22.4 cm, voxel size = 0.9375 × 0.9375 mm, slice thickness = 1.5 mm. At 3 T 3D-T1 MPRAGE the following parameters were used: Grappa = 2, TE/ TR = 3.9/2300 ms, flip angle = 9°, 160 contiguous axial slices, 256 × 224 matrix, FOV = 25.6 × 22.4 cm, voxel size = 1 mm isotropic.
Image analysis
Cortical thickness analysis
Data were processed with CIVET version 1.1.12 as described in Kim et al. (2005) and Raznahan et al. (2011a) . The T1 MRIs were corrected for non-uniformity artefacts (Sled et al., 1998) , aligned using linear registration to MNI space (ICBM-152 template) (Collins et al., 1994) , classified into tissue types (Tohka et al., 2004; Zijdenbos et al., 2002) , and inner and outer cortical surfaces fit separately for each hemisphere (Kim et al., 2005; MacDonald et al., 2000) . Surfaces were then nonlinearly aligned (Robbins et al., 2004 ) to a template surface and smoothed with a 20 mm diffusion smoothing kernel (Chung et al., 2005) . The quality of the registration as well as cortical surfaces was examined by visual inspection of the automatic segmentation output. Extracted gray matter (GM) and WM segmentations were assessed for any irregularities (Ducharme et al., 2016) . Failed segmentations (n = 1) were excluded from further analysis.
Deformation based morphometry (DBM)
Masked T1-weighted anatomical images taken from the CIVET pipeline, non-uniformity corrected and in native space, were used in this analysis. A two-level registration pipeline (Friedel et al., 2014) was employed. Here, an average representation of the three scans from each participant was created with a combination of linear and iterative nonlinear registrations, performed using ANIMAL (Collins et al., 1994) and ANTS (Avants and Gee, 2004; Avants et al., 2011) , respectively. The Jacobian determinants of each scan's deformation field thus encoded the difference between that time-point and the average of all timepoints for that participant. The average image for each participant was then entered into a second series of iterative non-linear registrations to create an unbiased average of all participants in the study. The Jacobian determinants computed for the within-participant registrations were then resampled using the transform from the across-participants registration to provide a coordinate space for statistical analyses. Given the fact that most of the participants had cerebellar tumors, which resulted in distorted cerebellar morphology, we excluded the cerebellum from these registrations and analyses.
Behavioral, motor, physical and fitness assessments
Detailed description of the outcome measures employed, including psychometric properties, has been reported previously for this trial Riggs et al., 2017) . The Cambridge Neuropsychological Test Automated Battery (CANTAB) was used to evaluate attention (Rapid Visual Information Processing, Match to Sample Visual Search), processing speed (Simple Reaction Time, Choice Reaction Time), and short-term memory (Delayed Matching to Sample, Verbal Recognition Memory) (Sahakian and Owen, 1992) . Participants' accuracy and reaction times were recorded. Comprehensive assessment of motor function was conducted using The Bruininks-Oseretsky Test of Motor Proficiency (2nd Edition) (BOT-2). The Motor-Area subtests of Bilateral Coordination, Balance, Strength, and Running Speed/Agility were used to assess physical functioning at Baseline. The 6-Minute Walk Test (6MWT) was used to measure exercise capacity at a sub maximal level. Each participant was asked to walk as far as possible up and down a 25 m hallway, without running, for 6 min. Distance was recorded in meters. Fitness testing was performed on an electrically braked cycle ergometer, either upright or semi-recumbent based on participant's ability, using the McMaster All-out Protocol , at two-minute increments. We used the power output data from the cycle ergometer to calculate pro-rated work rate [second to last work rate + ((time at last work rate in seconds / 120 s) * increment in work rate)] as an estimate of fitness. The Children's Depression Inventory (2nd Edition) (CDI-2) was used to rate the severity of symptoms related to depression or dysthymic disorder in study participants (Kovacs, 2010 (Kovacs, , 1992 . The CDI-2 is a widely used and accepted tool for rating the severity of depressive symptoms in children and youth Fig. 1 . Study design. Participants were quasi-randomly assigned to start either: (a) No Training, or (b) Exercise Training first. All participants were evaluated immediately prior to starting Exercise Training (Pre) and 12-weeks later after its completion (Post). About half of the participants were also evaluated 12-weeks prior to starting the Exercise Training (Baseline) and about half were evaluated 12-weeks after completing the program (Follow-up) . Training occurred in either a Group or Combined (group/home) setting. (Kovacs, 2014) .
2.6. Statistical analysis 2.6.1. Vertex/voxel-wise analyses
We used a vertex/voxel-wise analytic approach to evaluate cortical thickness and Jacobian determinant maps as a function of time, training, training setting, and training carryover effects. Mean centering was conducted using the differences between the average of all timepoints and each individual time-point. A linear mixed effects model (Pinheiro and Bates, 2009 ) with 77 degrees of freedom, as determined by the Satterthwaite approximation (Schaalje et al., 2002) , was used. The analyses were repeated controlling for covariates: age, gender and handedness. To evaluate the effects of time (e.g. on brain growth), we analyzed changes in brain anatomy between MRI scans acquired immediately before training (Pre-training) and scans acquired 12-weeks earlier (Baseline). To evaluate Exercise Training effects, we analyzed changes in brain anatomy between MRI scans acquired immediately after training (Post-training) and scans acquired immediately before training (Pre-training). To evaluate carryover effects of Exercise Training (whether changes observed immediately after cessation of the exercise program persist or disappear with time), we analyzed changes in brain anatomy between MRI scans acquired immediately after training (Post-training) and scans acquired 12-weeks later (Follow-up). Results of the statistical analysis were projected onto a study-specific template generated by averaging registered anatomical images from all study participants. In particular, for the cortical thickness analyses, the mid-gray matter cortical surface resulting from the average of all participants was used for visualization of statistical maps.
Region of interest analyses
To further analyze changes in cortical thickness in response to the exercise intervention, we employed a region of interest (ROI) approach using the Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) that included all cortical gyri in the left and right hemispheres. A mean centering approach was used to control for Baseline differences in cortical thickness between participants. For each participant, mean centering was conducted on a region-by-region basis by subtracting the absolute thickness at each imaging time-point from the average of the absolute thickness of each ROI across imaging time-points. The percent difference from Pre-training for each of the other time-points was then calculated on this mean centered data. To do this, we calculated the difference in thickness (in millimeters) for each ROI from Baseline, Post-training, and Follow-up versus Pretraining. These values were then divided by the thickness at Pretraining and multiplied by 100 to express them as a percent difference score. A linear mixed effects model was then used to evaluate the Exercise Training effects separately for the Group and Combined settings. We used a two-step approach for examining the ROIs. First, we evaluated Exercise Training effects for those ROIs that were hypothesized a priori to show training effects in thickness. These included the left and right precentral, postcentral and parahippocampal gyri. Bonferroni correction was used to adjust for multiple comparisons in these planned comparisons. Second, we examined changes in cortical thickness for all remaining ROIs across the AAL atlas and corrected for multiple comparisons.
Comparison to heatlthy controls
We matched each participant who completed the trial to a healthy child with corresponding MRI data from an existing image bank. Participants were matched on age (mean age = 11.9 years), sex (male/ female = 16/12), scanner used for imaging (3 T/1.5 T = 20/8), and handedness (R/L = 24/4). We then compared participants' MRI scans before and after Exercise Training with their age and gender-matched controls. The scanners and scan parameters used to image the healthy cohort were the same as those used for the clinical trial. We evaluated differences between participants and controls in cortical thickness using vertex-wise and ROI approaches.
Relations between regional cortical thickness and behavior
Analyses of brain-behavior relations were carried out by relating: (a) changes in cortical thickness with changes in behavior following Exercise Training, and (b) cortical thickness and behavior at Baseline. Data was analyzed through exploratory partial least squares (PLS) analysis (Krishnan et al., 2011) . In summary, PLS can be used to identify rotations in the behavioral data that map onto rotations in the anatomical data and it can be thought of as a multivariate equivalent of univariate tests. To examine relations between changes in cortical thickness and behavioral/motor outcomes, we only included areas where significant increases in cortical thickness were observed following Exercise Training based on vertex-wise analyses. Specifically, changes in cortical thickness were extracted from the voxel with the most significant change in cortical thickness within each cluster. Analyses of general brain-behavior relations were carried out based on MRI and behavioral data acquired at Baseline prior to Exercise Training. As described above, regional measures of cortical thickness were extracted using CIVET based on the AAL atlas.
Multiple comparisons
We adjusted for multiple comparisons in all primary and exploratory analyses using the False Discovery Rate (FDR) (Genovese et al., 2002) , except for the planned comparisons within the ROI analyses described above, where Bonferroni correction was used.
Results
Cortical thickness analysis results
3.1.1. Vertex-wise analysis reveals increased cortical thickness primarily in motor/sensory cortex Statistically significant increases (FDR 5%) in cortical thickness were observed following Exercise Training in the Group setting in multiple vertices (Fig. 2) . Specifically, a large area of increased thickness was evident in the right pre and postcentral gyri. Other notable areas of increased thickness were present in the left pre and postcentral gyri, left temporal pole, left superior temporal gyrus, and left parahippocampal gyrus ( Fig. 2a and b ). Smaller foci of increased cortical thickness were apparent (Fig. 2) . We also noted a number of smaller foci of decreased cortical thicknessthough less robust (Fig. 2) . All effects remained significant after adjusting for all covariates. There were no statistically significant effects of time or carryover in either the Group or Combined setting.
Region of interest analyses reveals increased cortical thickness in right motor cortex
Based on our a priori hypotheses, we first examined cortical thickness increases in the left and right primary motor cortices (precentral gyrus), primary somatosensory cortex (postcentral gyrus) and parahippocampal gyrus after completion of the Exercise Training. We observed that Exercise Training resulted in increased cortical thickness for the right precentral (p = 0.007) and postcentral gyri (p = 0.024) in the Group setting condition (Table 2 and Fig. 3 ) and in the bilateral postcentral gyrus (p = 0.039) in the Combined setting condition (Supplementary Table 1 ). Only increases in the right precentral gyrus survived Bonferroni correction for multiple comparisons. No other training effects were observed for the planned comparisons in either the Group or Combined setting conditions after correction for multiple comparisons.
No other ROIs showed significant Exercise Training effects across the rest of the AAL atlas, after controlling for multiple comparisons in either the Group (Table 2) or Combined ( Supplementary Table 1 ) setting conditions. Finally, no significant effects of time or carryover were observed (Table 2 and Supplementary Table 1 ).
Comparison to controls: vertex-wise and region of interest analyses
If exercise promotes brain repair, then it would be expected that the brain structure of our brain tumor participants should more closely resemble those of the healthy controls following Exercise Training. To find out whether Exercise Training does indeed normalize cortical thickness following injury, we compared participants from the Group setting, who showed significant training effects, to the age-matched healthy children. As a reminder, these age and gender-matched healthy children did not participate in the Exercise Training and were only scanned at a single time-point. Based on vertex-wise analyses, prior to Exercise Training our participants had a thinner cortex in the occipital lobe, temporal pole, and the parietal lobe (at 15% FDR) ( Fig. 4) . Following Exercise Training, no significant differences were found between Group setting participants and healthy children (Fig. 4) .
We also observed differences in thickness prior to Exercise Training using the ROI approach. Specifically, Group setting participants displayed thinner right pre and postcentral gyri, and left postcentral gyrus compared to healthy children (Fig. 3 ). There was a normalization of cortical thickness, where Group setting participants showed no differences from healthy children, in these areas following exercise. Generally, the cortex was thinner throughout the cerebral hemispheres in Group setting participants compared to healthy children before Exercise Training, with few differences after Exercise Training (see Supplementary Table 2 ).
Deformation based morphometry (DBM) analysis results
DBM reveals increased white matter volume
Statistically significant increases (FDR 10%) in WM volume underlying the right motor and somatosensory cortices were observed following Exercise Training (Fig. 5 ). Additionally, a small region of increased WM volume was observed in the right parietal lobe following training (Fig. 5) . We also observed a couple of isolated small areas of decreased WM (data not shown). All effects remained significant after adjusting for all covariates. There were no statistically significant effects of time, carryover, or Exercise Training setting.
Brain structure and behavior
Exploratory partial least squares (PLS) analysis of relationships between significant changes in cortical thickness after completion of Exercise Training and changes in physical fitness, cognitive and emotional functioning
For each hemisphere, the results are illustrated in two heat-maps that include loadings for cortical thickness and behavior ( Fig. 6a -right hemisphere and Fig. 6b -left hemisphere) . There was a single component where changes in cortical thickness in the right hemisphere and behavior each accounted for 10% or more of the variance in the data (21% and 10%, respectively). Increased cortical thickness in the right hemisphere was associated with improved performance on metric measures that also showed significant improvement with Exercise Training (p < 0.05). In addition, increased cortical thickness in the right hemisphere was associated with changes in accuracy and reaction time across cognitive tasks and on the CDI-2, though these behavioral measures showed no significant training effects (p > 0.10).
Exploratory PLS analysis of cortical thickness and behavioral data at baseline
The results of this analysis are illustrated in two heat maps that include loadings for cortical thickness (averaged across the left and right hemispheres) and behavior ( Fig. 7a and b) . The first component accounted for 28% and 14% of the variance in cortical thickness and behavior, respectively. Greater cortical thickness across the entire cortex was associated with decreased scores on the CDI-2, decreased reaction time across tasks, improved scores on short-term memory tasks, and improved physical functioning.
Discussion
Here we show that Exercise Training in a sample of children and adolescents with an acquired brain injury resulting from a brain tumor and the curative treatment, yielded increased thickness of the motor and sensorimotor cortices along with increased volume of the underlying WM. In exploratory analyses, we also documented a number of interesting relationships between changes in cortical volume with cognitive, behavioral, and anthropometric outcomes.
Using unbiased automated vertex-wise analyses we observed increased thickness of both the right and left pre and postcentral gyri, left temporal pole, left superior temporal gyrus, and left parahippocampal gyrus. Previous cross-sectional studies have shown that fitness level predicts cortical thickness in both healthy children and adults (Chaddock-Heyman et al., 2015a; Williams et al., 2017) .
Our findings are consistent with prior animal work. Early animal studies demonstrated that an enriched environment -wherein exercise was an important componentyielded increased brain volume, cortical thickness, and acetylcholinergic cell numbers in rats (Diamond et al., 1966 (Diamond et al., , 1964 Krech et al., 1960) . Motor-skill learning has been associated with increased cortical thickness in medial cortical areas corresponding to hind-limb representations and voluntary exercise with anterior-medial regions (Anderson et al., 2002) . Recently, whole brain neuroimaging studies have also demonstrated that increased thickness in both motor and sensorimotor cortices are observed in conditions involving voluntary exercise (Cahill et al., 2015; Scholz et al., 2015 Scholz et al., , 2014 . Our human findings support the notion that the experience dependent neuroplasticity that has been observed in rodents can also be harnessed in humans with a brain injury to foster repair.
In healthy children, cortical thinning, as opposed to thickening, is typically observed with increasing age (Lenroot et al., 2007 (Lenroot et al., , 2009 Raznahan et al., 2011a Raznahan et al., , 2011b Vijayakumar et al., 2016) . Furthermore, in prior cross-sectional studies in healthy children, increased fitness predicted decreased thickness (Chaddock-Heyman et al., 2015b) . Indeed, there are complex maturational processes in the young brain where both cortical thinning (i.e., pruning) and thickening (i.e. increased dendritic branching) reflect brain growth. In light of these findings, our results of increased thickness following Exercise Training may seem counter intuitive. However, the developmental trajectory of cortical thickness following injury, such as in pediatric brain tumor survivors, appears to be altered from that seen in healthy children . In particular, we observed that our cohort of patients who engaged in Group Exercise Training had a thinner cortex prior to training relative to an age-matched cohort of healthy children. Following Exercise Training fewer differences in cortical thickness were observed between study participants and healthy children. Hence, the Exercise Training induced increases in cortical thickness that we observed may represent normalization processes in the context of injury that do not follow the typical developmental or training trajectories observed in healthy children (Chaddock-Heyman et al., 2015b). Table 2 Summary of region of interest (ROI) based cortical thickness analysis for participants in the Group and Combined setting. Table reports absolute mean and mean centered cortical thickness in mm as well as standard deviations for key ROIs, hypothesized a priori to show training effects, from the AAL (Automated Anatomical Labeling) atlas at Baseline, Pre (Pre-training), Post (Post-training) and Follow-up. * -signifies ROIs for which thickness estimates were statistically significantly different from thickness estimates at Pre (immediately prior to starting exercise training), ** -signifies ROIs that remained significant after correction for multiple comparisons. % Difference from Pre -stands for percent difference of cortical thickness values obtained based on structural MRI data collected immediately before starting the exercise program (Pre) from cortical thickness measured based on scans acquired 3 months prior to starting the exercise program (Baseline), immediately after completion of exercise program (Post) and three months after completion of exercise program (Follow-up), respectively (see Fig. 1 for experimental timeline and associated terminology). Absolute thickness ( NeuroImage: Clinical 18 (2018) 972-985 We also observed circumscribed areas of increased WM volume underlying the right motor and somatosensory cortices, as well as in the parietal lobe. Previously, we observed increased fractional anisotropy (FA) in mid-line WM following Excercise Training in this cohort (Riggs et al., 2017) . Given that the volume changes in WM that we observed presently are much more circumscribed, this would suggest that there is a disassociation between changes in WM structure reflected in diffusion metrics versus volume changes derived from structural MRI images. This is not an uncommon finding in both human and animal studies (Brezova et al., 2014; Scholz et al., 2014) . It is of note that increases in WM volume have consistently been observed following motor-skill learning (Scholz et al., 2009) , as well as following exercise training in older adults (Burzynska et al., 2014; Voss et al., 2013a) . We provide further support of plasticity in WM related to exercise training and experience.
Interestingly, the areas where we observed increased WM volume were located in proximity to the cortical regions, such as motor and premotor cortices, that also showed increased cortical thickness in response to Exercise Training. Increased neural activity in these cortical regions during exercise may induce activity dependent myelination (Gibson et al., 2014) or axonal sprouting and branching (Zatorre et al., 2012) , that in turn may lead to increased WM volume, such as the volume increases that we observed in our study. In addition, the timing of these WM changes is consistent with what has been observed in other studies of training related brain plasticity. For example, in juggling, studies changes were observed after 3 months of training (Draganski et al., 2004) which is the same duration of our exercise program. Later studies showed that changes can be seen much earlier (Driemeyer et al., 2008; Sagi et al., 2012; Taubert et al., 2010) . Finally, we observed some interesting relationships between brain anatomy and behavioral, cognitive, fitness, and anthropometric outcomes. We observed that increased cortical thickness in the right hemisphere following training was associated with improved anthropometric measures (weight, BMI) that also showed significant improvement with Exercise Training. At Baseline, increased thickness was also associated with better performance across multiple behavioral tasks. Given the relatively small number of participants (n = 28) in our trial these findings must be considered with significant caution.
We also note that even though we focused on cortical thickness and brain volume increases we observed small, isolated areas of decrease. We hypothesize that this is related to the fact that the brain is encased in a rigid skull which, in addition to protecting it from its external environment, creates a barrier to its growth. This means that there is a limit to how much the brain can grow within the rigid skull in response to environmental stimulation. It seems plausible, that if the pressure to expand one area exists, some other area, most likely one that is not being used at the moment, may shrink to create space for activity dependent growth of other regions. This has been observed in the Lerch et al. (2011) paper in mice that were trained to use a different navigation strategy while navigating a maze. In this paper, the authors demonstrated that specific brain regions grow or shrink in response to the changing environmental demands. It was observed that the use of different navigation strategies resulted in anatomical changes in different regions. They also showed that as one brain region increased another decreased. For example, in case of a hippocampal dependent allocentric task, the hippocampus increased and striatum, decreased whereas the reverse was observed in a striatal dependent egocentric strategy. Future studies will be required to shed more light on the relationship between volume increases and decreases.
Study limitations and future directions
Translational animal studies that combine histological and imaging approaches indicate that the cellular basis of exercise related plasticity may include increases in the number of synapses and dendritic branching (Withers and Greenough, 1989) , as well as increases in small vessels (Isaacs et al., 1992) . For obvious reasons, the biological underpinnings of the neuroanatomical changes that we observed in response to an exercise intervention can only be investigated indirectly using animal models. However, more often, like in the case of this study, rather than conducting a follow-up study in a corresponding animal model, the interpretation of imaging findings at a microscopic tissue level is only inferred indirectly based on the literature. Currently, there are only a handful of research projects that have directly compared human data with animal models.
It is also important to note that we did not observe carryover effects, meaning we did not see maintenance of the Exercise Training effects described above 12-weeks after completion of Exercise Training. It is not clear how long the brain structural changes we see immediately Post-training are maintained after completion of the program and that the longer-term impact of exercise training needs to be examined in future studies. This may very well mean that in order for this program to be effective in the long-term it must be implemented as a lifestyle change and not a short-term, one-time intervention. Future studies investigating ways to potentially increase the effect of exercise training (e.g. by adjusting timing of start of the exercise program with respect to start of therapy) are needed.
Lastly, we saw a differential effect of Exercise Training on participants based on training setting (Group vs Combined setting) with the most pronounced effects being observed in participants assigned to the Group setting. To clarify, we did not expect to see this difference between these two groups. The Combined setting (2 group + 2 in-home exercise sessions) was created to allow families on a tight schedule to participate in the study. This was done because, based on our experience, time commitment is often a limiting factor in participant recruitment to clinical studies (unpublished data). The Combined setting gave families the flexibility of engaging in some of the weekly training sessions in the convenience of their home. As noted in the Methods In this analysis, we co-varied for scanner type because of imbalance between all controls and Group setting participants. Before exercise areas of thinner cortex were observed in participants (FDR 15%) in the occipital and parietal lobes in right (a) and left (b) hemispheres. These differences were no longer significant after completion of exercise program.
Pre
section, 12 out of 28 children enrolled in our study were in the Combined setting. The baseline characteristics of the participants in the Combined setting have been compared to those of participants in the Group setting and discussed in the Supplementary Online Material of our previous paper (Riggs et al., 2017) . We note that no significant differences existed between these two groups of patients in terms of sex, age at diagnosis, age at baseline, time from diagnosis to baseline assessment, medical and treatment characteristics. One exception was for cerebellar signs which were more prevalent in participants in the Group setting (p = 0.03). In the Riggs et al. (2017) paper we noted that, although training and carryover effects were observed for all participants for mean FA, only participants in the Group setting showed training and carryover effects for hippocampal volume and reaction time. Similarly, in the current paper, we found Exercise Training effects for all participants in regards to WM volume increases but cortical thickness increases were only significant for participants in the Group setting. In the Supplementary Online Material of the Riggs et al. (2017) paper we showed that participants in the Combined setting exercised at a lower intensity than those in the Group setting. Therefore, even though we did not expect differences between these two groups, we think that the fact that they exercised at lower intensity may be related to our observation that behavioral as well as neuroanatomical changes in response to Fig. 5 . Deformation based morphometry (DBM) results. DBM analysis revealed several areas of statistically significant (FDR 10%) volume increases in all participants regardless of assignment to the training setting (Group or Combined). These areas included WM underlying the motor cortex (a), somatosensory cortex (b) and parietal lobe (c). Magnitude of these observed volume increases are illustrated in the box-plots from a single voxel within a cluster with the highest t-value. Fig. 6 . Partial least squares (PLS) analysis of relationships between changes in cortical thickness and behavior after Exercise Training for participants in the Group setting. Each column of loadings of anatomy maps within a heat-map onto the same column of the loadings of behavior. The first column always explains the greatest amount of orthogonal variance between variables. Definitions of all the abbreviations have been provided in Supplementary Fig. 1 .
K.U. Szulc- Lerch et al. NeuroImage: Clinical 18 (2018) 972-985 exercise were not as pronounced for these participants as those in the Group setting. In addition, 3 out of 4 participants with supratentorial tumors were in the Combined setting. The location of such tumors may have had a negative impact on overall cortical thickness development and response to exercise in these patients. Additionally, it is possible that these different findings may reflect the nature of the training setting itself (solitary training at home versus training with peers). Our data adds a potentially important finding to the existing literature in the sense that we document that the nature of exercise training setting is an important variable to consider. In future work, it will also be important to examine the effect of exercise training not only on brain anatomy but also on brain function and to interrogate the relationship between the two. Use of Positron Emission Tomography (PET) in pediatric research studies has been limited, because of radioactive tracers needed for the scan, but certainly other imaging modalities can and have been used safely in children. This includes magnetoencephalography (MEG), a procedure that has also been used in our study to investigate potential changes in brain function after completion of our exercise program. This data callected as part of this trial, is currently being analyzed and will be published in a separate report. Preliminary analysis of the MEG data (unpublished) revealed reorganization of functional networks in patients following completion of the exercise program.
Conclusion
Curing malignant brain tumors requires very intensive treatment. Once cured, brain tumor survivors are often left with a brain injury that predisposes them to a lifetime of cognitive and neurocognitive deficits. Therefore, there is an urgent need for the development of interventions that would help mitigate the devastating consequences of having a brain tumor as well as the side effects of treatment.
Previously we have shown that a 12-week structured aerobic exercise intervention results in improvements in WM metrics as well as increases in hippocampal volume and decreased reaction time in longterm pediatric brain tumor survivors. Here we showed that it also increases regional brain volume in subcortical WM and cortical thickness. We also evaluated the relationship of cortical thickness at a baseline and cortical thickness changes in response to exercise with anthropometric, behavioral and cognitive measures. Together this data suggests that aerobic exercise may be an effective intervention for fostering neurobehavioral recovery in children treated for brain tumors. extend our thanks to Janine Piscione and the therapists that delivered the exercise program to patients, in particular: Deirdre Igoe and Jane Schneiderman, as well as the research staff: Melanie Orfus, Nicholas Persadie, Alexandra Decker, Tammy Rayner, and Ruth Weiss.
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